MAPK could also be observed in the presence of cholecystokinin (CCK), which also causes activation of cPLA 2 . ACh-and CCK-induced Ca 2؉ waves were slowed down when p38 MAPK (4, 5) . The speed of Ca 2ϩ waves depends on the type of agonist used for stimulation and to some extent also on the agonist concentration (6). The propagation rate can be modified by application of arachidonic acid (AA) or by activation of protein kinase C (PKC) with phorbol esters (6, 7). Both application of AA and activation of PKC leads to inhibition of CICR and thereby slows down spreading of Ca 2ϩ signals. Analysis of the propagation rate of secretagogueevoked Ca 2ϩ waves in pancreatic acinar cells can therefore be used to investigate coupling of hormone receptors to intracellular signal cascades that lead to endogenous production of AA and/or to activation of PKC. In previous studies we could demonstrate that in mouse pancreatic acinar cells bombesin receptors couple to phospholipase D (7), which produces diacylglycerol and thereby activates PKC, whereas high affinity CCK receptors couple to cytosolic phospholipase A 2 (cPLA 2 ) (6), an enzyme that leads to release of AA from membrane phospholipids. Bombesin-induced activation of PKC via phospholipase D-dependent diacylglycerol production, as well as CCK-induced formation of AA by cPLA 2 , takes place within the very first seconds after hormone application, before or during development of the initial inositol 1,4,5-trisphosphate-induced Ca 2ϩ signal in the luminal cell pole.
In pancreatic acinar cells analysis of the propagation speed of secretagogue-evoked Ca 2؉ waves can be used to examine coupling of hormone receptors to intracellular signal cascades that cause activation of protein kinase C or production of arachidonic acid (AA). In the present study we have investigated the role of cytosolic phospholipase A 2 (cPLA 2 ) and AA in acetylcholine (ACh)-and bombesin-induced Ca 2؉ signaling. Inhibition of cPLA 2 caused acceleration of ACh-induced Ca 2؉ waves, whereas bombesin-evoked Ca 2؉ waves were unaffected. When enzymatic metabolization of AA was prevented with the cyclooxygenase inhibitor indomethacin or the lipoxygenase inhibitor nordihydroguaiaretic acid, AChinduced Ca 2؉ waves were slowed down. Agonistinduced activation of cPLA 2 Stimulation of pancreatic acinar cells with the secretagogues acetylcholine (ACh), 1 cholecystokinin (CCK), or bombesin evokes cytosolic Ca 2ϩ waves that initiate within the secretory cell pole and subsequently spread toward the basal cell membrane (1) (2) (3) . Ca 2ϩ wave propagation has been explained by sequential Ca 2ϩ release from stores in series involving Ca 2ϩ -induced Ca 2ϩ release (CICR) (4, 5) . The speed of Ca 2ϩ waves depends on the type of agonist used for stimulation and to some extent also on the agonist concentration (6) . The propagation rate can be modified by application of arachidonic acid (AA) or by activation of protein kinase C (PKC) with phorbol esters (6, 7) . Both application of AA and activation of PKC leads to inhibition of CICR and thereby slows down spreading of Ca 2ϩ signals. Analysis of the propagation rate of secretagogueevoked Ca 2ϩ waves in pancreatic acinar cells can therefore be used to investigate coupling of hormone receptors to intracellular signal cascades that lead to endogenous production of AA and/or to activation of PKC. In previous studies we could demonstrate that in mouse pancreatic acinar cells bombesin receptors couple to phospholipase D (7), which produces diacylglycerol and thereby activates PKC, whereas high affinity CCK receptors couple to cytosolic phospholipase A 2 (cPLA 2 ) (6), an enzyme that leads to release of AA from membrane phospholipids. Bombesin-induced activation of PKC via phospholipase D-dependent diacylglycerol production, as well as CCK-induced formation of AA by cPLA 2 , takes place within the very first seconds after hormone application, before or during development of the initial inositol 1,4,5-trisphosphate-induced Ca 2ϩ signal in the luminal cell pole.
In the present study we investigated the role of cPLA 2 in ACh-and bombesin-evoked Ca 2ϩ signaling. Our data indicate that in pancreatic acinar cells activation of cPLA 2 is an early event in ACh-but not in bombesin-evoked intracellular signaling. ACh-and CCK-induced activation of cPLA 2 involves MAP kinase activation. Furthermore, we demonstrate that secretagogue-induced Ca 2ϩ signaling in pancreatic acinar cells is modified by AA itself and not by metabolites of AA.
MATERIALS AND METHODS
Cell Preparation-Adult male CD-1 mice (35-40 g) were sacrificed by cervical dislocation. The pancreas was removed and transferred into a "preparation buffer" consisting of (in mM): 130 NaCl, 4.7 KCl, 1.3 CaCl 2 , 1 MgCl 2 , 1.2 KH 2 PO 4 , 10 glucose, 0.2% (w/v) albumin, 0.01% (w/v) trypsin inhibitor, 10 HEPES, pH 7.4. Single acinar cells were isolated by enzymatic digestion with collagenase type V (30 units/ml, 10 min, 37°C; Sigma) as described previously (8) . Enzymatic digestion was followed by mechanical dissociation of cells by gentle pipetting. The resulting cell suspension was centrifuged, and the cells were washed twice in preparation buffer without collagenase.
Confocal Microscopy-Freshly prepared acinar cells were loaded with 4 M fluo-3/AM for 30 min at room temperature and then stored at 4°C. Experiments were performed within 4 h after cell isolation. For measurement of cytosolic Ca 2ϩ signals, cells were transferred to a perfusion chamber and were allowed to adhere to the glass coverslip for several minutes. Then, the cells were continuously superfused with a standard bath solution containing (in mM): 140 NaCl, 4. 
MAPK
-Aliquots of freshly prepared cells were stimulated by addition of the respective agonist, and the reactions were stopped after the appropriate time by rapid freezing in liquid nitrogen. Cells were sonicated in lysis buffer (in mM: 150 NaCl, 4 EGTA, 4 dithiothreitol, 20 HEPES, 0.2 phenylmethylsulfonyl fluoride, 2 sodium orthovanadate, 80 g/ml trypsin inhibitor, 0.1 mg/ml leupeptin), and the resulting suspension was centrifuged at 1000 ϫ g. The supernatant was diluted with SDS loading buffer (10 mM Tris, 1% mercaptoethanol, 1% SDS, 10% glycerol, 0.015% bromphenol blue) and heated for 5 min at 95°C prior to SDS polyacrylamide gel electrophoresis (8.75% acrylamide). Proteins were transferred onto nitrocellulose membranes and blocked with 1% bovine serum albumin. Protein phosphorylation was detected with antibodies against the phosphorylated form of the respective MAP kinases (Santa Cruz Biotechnology). Optical density of the chemoluminescence was scanned and quantified with a Bioprofil imaging and scanning system (Vilber-Lourmat). The optical density measured under the control condition was set to 100%.
Quantitative Measurement of PHAS-I Phosphorylation-MAP kinase activity in crude cell lysates was determined using PHAS-I as substrate (9) . Cell lysates (25 g of protein) were mixed with 3 l of 10-fold "reaction buffer" (250 mM HEPES, 100 mM magnesium acetate, 500 M ATP, pH 7.5) and 2 l of [␥-
32 P]ATP (1 Ci/l), and the volume of the reaction mixture was adjusted with H 2 0 to 25 l. In control experiments 1 l of activated MAP kinase (0.05 g/l) (Stratagene, Heidelberg, Germany) was used instead of cell lysate. The phosphorylation reaction was started by adding 5 l of PHAS-I (1.0 g/l) (Stratagene, Heidelberg, Germany). After a 20-min incubation at 30°C, reactions were stopped by the addition of 10 l of 3ϫ SDS polyacrylamide gel electrophoresis sample buffer and heating of the samples for 5 min to 95°C. Proteins were separated in a 15% denaturing acrylamide gel by gel electrophoresis. Finally, gels were washed and exposed to x-ray film for 2-4 days at Ϫ70°C. The autoradiographies showed the phosphorylated substrate protein PHAS-I as a predominant signal at ϳ21 kDa.
Measurement of p42/44 MAPK -dependent PHAS-I Phosphorylationp42/44
MAPK were purified by standard immunoprecipitation. Briefly, 400 g of protein from cell lysates were dissolved in Buffer A (in mM: 10 Tris, 5 EDTA, 50 NaCl, 30 sodium pyrophosphate, 50 NaF, 0.2 phenylmethylsulfonyl fluoride, 2 orthovanadate, 0.1 mg/ml leupeptin) with 1% SDS and 2 l of polyclonal antibody against extracellular signal-regulated kinase (Santa Cruz Biotechnology). The mixture was agitated for 90 min at 4°C and then 18 l of protein G plus/A agarose was added. After a 1-h agitation at 4°C the agarose beads were washed twice with Buffer A and sedimented. The pellets were used for measurement of MAP kinase activity as described above.
RESULTS
It has been shown that stimulation of pancreatic acinar cells with low doses of CCK causes rapid activation of cPLA 2 and thereby formation of AA, which slows down spreading of cytosolic Ca 2ϩ signals (6) . To test whether ACh and bombesin receptors also couple to the signal cascade involving cPLA 2 activation we analyzed the propagation rate of ACh-and bombesin-evoked Ca 2ϩ waves in the presence of AA, the product of cPLA 2 activity, or the cPLA 2 inhibitor arachidonyltrifluoromethyl ketone (AACOCF 3 ) (Fig. 1A) . Preincubation of acinar cells with 5 M AA for 5 min caused slow-down of both ACh-and bombesin-evoked Ca 2ϩ waves. This observation is consistent with the idea that AA inhibits secondary CICR from intracellular stores and therefore causes slower spreading of cytosolic Ca 2ϩ signals (4). The two concentrations of ACh were chosen as a typical physiological and a supramaximal agonist concentration. The concentration dependence of the propagation rate of ACh-evoked Ca 2ϩ waves is presented in Fig. 1B . For a reproducible initiation of Ca 2ϩ waves at least 20 nM ACh were necessary. ACh concentrations above 500 nM did not significantly further increase the spreading speed of Ca 2ϩ waves. Fitting of the data with a Hill equation yielded a half-maximal propagation rate at 108 nM ACh. On the other hand, bombesinevoked Ca 2ϩ waves had more or less the same propagation rate (ϳ 5 m/s) over a wide concentration range (100 pM to 5 nM) (Fig. 1C) . Only at very low bombesin concentration (30 pM) a slightly decreased propagation rate (3.7 m/s) and at supramaximally high concentration (10 nM) a slightly increased propagation rate (6.4 m/s) could be measured. For all further experiments we used bombesin at a concentration of 1 nM.
When cells were preincubated with the cPLA 2 inhibitor AACOCF 3 (10 M) for 5 min and then stimulated with ACh, a faster propagation of Ca 2ϩ waves could be observed at low (50 nM), as well as high (10 M), ACh concentrations. In contrast, when bombesin was used for stimulation, AACOCF 3 had no 
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effect on Ca 2ϩ wave spreading. The experiments with AACOCF 3 indicate a rapid activation of cPLA 2 in the presence of ACh but not in the presence of bombesin. Because AACOCF 3 did not affect bombesin-evoked Ca 2ϩ waves an unspecific effect of AACOCF 3 on cytosolic Ca 2ϩ signaling is unlikely. The enzymatic metabolization of AA produces a large number of regulatory active metabolites. To investigate whether AA itself or one of its metabolites exerts the inhibitory effect on sequential Ca 2ϩ release we stimulated pancreatic acinar cells in the presence of either the cyclooxygenase inhibitor indomethacin (10 M, 5 min preincubation) or the lipoxygenase inhibitor nordihydroguaiaretic acid (NDGA; 30 M, 5 min preincubation). Both indomethacin and NDGA slowed down spreading of Ca 2ϩ waves elicited at low or high ACh concentrations ( Fig. 2A) . This demonstrates that AA itself and not a metabolite of AA slows down spreading of cytosolic Ca 2ϩ waves by down-regulation of secondary Ca 2ϩ release. Ca 2ϩ waves elicited by bombesin were affected neither by indomethacin nor by NDGA indicating that these substances do not nonspecifically change Ca 2ϩ signaling ( Fig. 2A) . It is known that in pancreatic acinar cells stimulation of high affinity CCK receptors leads to strong activation of cPLA 2 (10) and rapid formation of AA, which causes slow spreading of cytosolic Ca 2ϩ waves (6) . The propagation rate of Ca 2ϩ waves at low CCK concentration (20 pM) could not further be reduced by addition of exogenous AA (6). This was explained by production of already saturating endogenous AA concentrations in the presence of low CCK concentrations. Therefore, it is not surprising that now, in a new series of experiments, indomethacin and NDGA had no or only a small effect, respectively, on the propagation rate of Ca 2ϩ waves elicited by activation of high affinity CCK receptors (Fig. 2B) . However, when low affinity CCK receptors were stimulated by application of CCK at supramaximal concentration (10 nM), indomethacin and NDGA significantly reduced the propagation rate of Ca 2ϩ waves (Fig.  2B ). The differences in the effect of indomethacin and NDGA on Ca 2ϩ waves elicited by low and high concentrations of CCK, respectively, might be because of different delays between hormone application and the initial rise in [Ca 2ϩ ] cyt . The delay in the Ca 2ϩ response to 50 pM CCK was 8.7 s longer than in the response to 10 nM CCK. The short latency in the presence of high CCK concentrations allows only very little production of AA, which is reflected by a fast spreading of Ca 2ϩ waves. In this case, inhibition of AA metabolization by indomethacin and NDGA increases the amount of AA and therefore slows down the propagation of Ca 2ϩ waves. On the other hand, the long latency between application of 50 pM CCK and the initial Ca 2ϩ signal in the cytosol gives time for production of high AA concentrations. Spreading of Ca 2ϩ waves in the presence of low CCK concentrations is therefore slow and, if AA reaches saturating concentrations, cannot be further slowed down by inhibition of AA metabolization.
There is growing evidence that the MAP kinases p42/44 MAPK and p38 MAPK can regulate the activity of cPLA 2 (11) (12) (13) (14) (15) . To investigate whether in mouse pancreatic acinar cells p42/ 44 MAPK and p38 MAPK are also involved in agonist-induced activation of cPLA 2 we analyzed the propagation rate of cytosolic Ca 2ϩ waves in the presence and absence of the specific MAP kinase inhibitors PD 98059 and SB 203580. Inhibition of p42/ 44 MAPK by preincubation of cells with 10 M PD 98059 for 5 min significantly accelerated the speed of CCK-induced Ca 2ϩ waves at low and high agonist concentration, whereas a slower spreading of CCK-induced Ca 2ϩ waves could be observed when cells were preincubated with the p38 MAPK inhibitor SB 203580 (10 M) for 5 min (Fig. 3B) . In contrast, neither PD 98509 nor SB 203580 had any significant effect on Ca 2ϩ waves elicited with bombesin (Fig. 3A) . When ACh was used for stimulation, preincubation of the cells with the p38 MAPK inhibitor SB (16, 17) . In the experiments with high ACh the inhibitory effect of p38 MAPK could prevail over the stimulatory effect of p42/44 MAPK . Nevertheless, activation of cPLA 2 could be accomplished by a parallel pathway bypassing the p42/44 MAP kinase pathway. In consequence, we would have little effect of PD 98059 that might be overlooked in our experiments, whereas inhibition of p38 MAPK with SB 203580 (Fig. 3A) or inhibition of cPLA 2 with AACOCF 3 (Fig. 1A) MAPK phosphorylation within 10 s after hormone application (Fig. 4A) . When bombesin was used instead, after 10 s there was no significant increase in p42/44
MAPK phosphorylation compared with control experiments without agonist (Fig. 4A) . Stimulation of acinar cells with ACh and CCK also caused an increase in phosphorylation of p38 MAPK , whereas no increase in p38 MAPK phosphorylation could be found 10 s after addition of bombesin (Fig. 4B) . Agonist-dependent activation of MAP kinases could be demonstrated in in vitro experiments using exogenously added PHAS-I as MAP kinase phosphorylation substrate (Fig. 4C) (9) . A significantly higher amount of phosphorylated PHAS-I could be detected when cells were stimulated with ACh or CCK for 10 s, whereas there was no significant increase in PHAS-I phosphorylation in experiments with bombesin. MAP kinase activation in the presence of bombesin could only be observed when cells were stimulated for more than 1 min (Fig. 4C) . However, this late activation of MAP kinases in the presence of bombesin occurs when the agonistevoked cytosolic Ca 2ϩ wave had already traveled through the cell, and it is therefore not surprising that MAP kinase inhibitors could not affect the propagation rate of bombesin-elicited Ca 2ϩ waves.
To confirm a regulatory cross-talk between p38 MAPK and p42/44 MAPK we stimulated pancreatic acinar cells with ACh in the presence and absence of MAP kinase inhibitors and measured p42/44 MAPK -dependent PHAS-I phosphorylation after cell lysis and immunoprecipitation of p42/44 MAPK . Stimulation of acinar cells with 1 M ACh for 30 s produced an ϳ2-fold increase in p42/44 MAPK -dependent PHAS-I phosphorylation compared with control experiments without ACh (Fig. 4D) . More or less the same p42/44 MAPK -dependent PHAS-I phosphorylation as under control conditions could be found when cells were treated with either 10 M PD 98059 or 10 M SB 203580 for 5 min prior to cell lysis. Activity of p42/44 MAPK was measured after immunoprecipitation of p42/44 MAPK and removal of PD 98059 and SB 203580, respectively. When cells were preincubated with PD 98059 and then stimulated with ACh in the presence of PD 98059 (Fig. 4D, 4th column) , about the same increase in p42/44 MAPK activity could be detected as in stimulation experiments without PD 98059 (Fig. 4D, 2nd column) 
DISCUSSION
The propagation rate of agonist-evoked Ca 2ϩ waves in mouse pancreatic acinar cells is modulated by activation of PKC-and cPLA 2 -dependent formation of AA (7). Measurement of the propagation speed of Ca 2ϩ waves can therefore be used to demonstrate agonist-dependent activation of PKC and cPLA 2 in single cells within the first seconds after hormone application. By measurements of Ca 2ϩ waves we could show in a previous study that in pancreatic acinar cells high affinity CCK receptors couple to a signal cascade that leads to activation of cPLA 2 (6) . Activation of cPLA 2 and formation of AA occurred before the CCK-evoked Ca 2ϩ wave spread from the luminal to the basal cell pole. In the present study we show that preincubation of cells with the cPLA 2 inhibitor AACOCF 3 also accelerates ACh-evoked Ca 2ϩ waves whereas bombesin-evoked Ca 2ϩ waves were unaffected. We therefore conclude that ACh receptors activate the same signal cascade as high affinity CCK receptors, whereas in bombesin-induced Ca 2ϩ signaling the cPLA 2 pathway is not involved. The fact that Ca 2ϩ waves evoked by 10 M ACh are traveling much faster than Ca 2ϩ waves elicited by low ACh concentrations might be because of the different delays between agonist binding and initiation of cytosolic Ca 2ϩ waves. Ca 2ϩ waves elicited by 10 M ACh started 1.8 Ϯ 0.2 s (n ϭ 94) after hormone application, whereas Ca 2ϩ signals elicited by 50 nM ACh had a delay of 4.7 Ϯ 0.5 s (n ϭ 86). Therefore, the amount of AA produced before initiation of Ca 2ϩ waves might be higher in the presence of 50 nM ACh. This means stronger inhibition of secondary Ca 2ϩ release and slower spreading of Ca 2ϩ waves in the presence of 50 nM ACh compared with experiments with 10 M ACh.
In a previous study we showed that the inhibitory effects of activated PKC and AA on Ca 2ϩ wave spreading are not additive, suggesting that both signal pathways converge to the same Ca 2ϩ release mechanism (6). However, the molecular mechanism by which AA inhibits Ca 2ϩ release is still unclear. Because inhibition of cyclooxygenase and lipoxygenase with indomethacin and NDGA slowed down CCK-and ACh-evoked Ca 2ϩ waves, we can conclude that AA itself and not a metabolite exerts the inhibitory effect on Ca 2ϩ wave spreading. With electrophysiological methods an inhibitory effect of AA has also been shown on inositol polyphosphate-evoked long term Ca 2ϩ signaling in mouse (18) and rat (19) pancreatic acinar cells. As in our experiments this long term effect of AA could not be abolished by inhibition of AA metabolization with indomethacin and NDGA (19) .
Stimulation of pancreatic acinar cells with CCK causes activation of p42/44 MAPK and p38 MAPK (20 -22) and initiates protein synthesis of pancreatic digestive enzymes by MAP kinasedependent phosphorylation of the pancreatic translation factor eIF4E and its binding protein PHAS-I (20, 22 MAPK (B) . No increase in MAP kinase phosphorylation could be found when bombesin was applied for 10 s. MAP kinase phosphorylation was detected with antibodies against the phosphorylated form of p42/44 MAPK and p38 MAPK (middle panels). Antibodies raised against the non-phosphorylated form were used as control (upper panels). MAP kinase activation is demonstrated using PHAS-I as substrate (C). In a 10-s period after ACh and CCK application MAP kinase activity increased about 40% compared with control experiments. Short term stimulation with bombesin had no effect on MAP kinase activity. However, when bombesin was present for more than 1 min this agonist caused MAP kinase activation. MAPK has been shown in a study on the human hepatoma cell line HepG2 (24) . The rapid activation of p38 MAPK might also be involved in reorganization of actin cytoskeleton (21) and regulation of enzyme secretion.
Our data indicate that analysis of the propagation rate of agonist-evoked Ca 2ϩ waves is a powerful tool to study coupling of different hormone receptors to intracellular signal cascades. In the present study we demonstrate that in pancreatic acinar cells not only high affinity CCK but also ACh receptors couple to the cPLA 2 pathway. cPLA 2 -dependent formation of AA is an early event in intracellular signaling and exerts a negative control on Ca 2ϩ wave spreading.
